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The majority of studies on petroleum degradation by salt marsh microbial communities have 71 focussed on large scale release events due to shipping accidents or blowouts and large salt marsh meadow 72 systems such as those found in the Gulf of Mexico area impacted by the 2010 Deepwater Horizon 73 blowout (McGenity 2014). In New Hampshire, small estuarine marshes referred to as fringing marshes 74 comprise a significant amount of the total salt marsh habitat (Morgan et al., 2009 , PREP 2013 ) which 75 have important ecosystem functions and values (Morgan et al., 2009 ). These fringing marshes are 76 different from large meadow marshes, possessing lower levels of organic carbon and plant density 77 (Morgan et al.,2009 ) and lower levels of denitrification enzyme activity (Wigand et al., 2004) . Although 78 fringing marshes are the first location impacted by petroleum influx, which is considered one of the major 79 threats to such marshes in New Hampshire (NH DES, 2004) , little is known about the petroleum 80 biodegradation potential of these marshes. In this study we aimed to assess the catabolic and phylogenetic 81 diversity of an alkane-degrading fringing marsh microbial community from a brackish chronically 82 petroleum-impacted fringing marsh site on the Cocheco River of the Great Bay Estuary of New 83
Hampshire (Watts et al.,2006 ). Furthermore we aimed to evaluate the response of the community to 84 different sources of n-alkanes (gasoline, n-hexane and dodecane). We hypothesized that given the chronic 85 nature of petroleum input in the area, the indigenous microbial community would contain diverse alkane 86
hydroxylase genes, and that exposure to different n-alkanes would select for different suites of alkane 87 hydroxylase genes, reducing gene-specific and overall phylogenetic diversity through selection of 88 degradative members of the community. To test this, we treated dilution cultures to each source of n-89 4 alkanes for 10 days, analyzing alkB and CYP 153A1 alkane gene fragments from clone libraries, and 16S 90 rRNA genes to assess changes in the functional and taxonomic structure of the community respectively. The dominant alkB and CYP 153A1 OTUs from the clone libraries were further analyzed using 153 real-time PCR. QPCR primers (Supplemental Table 1 ) were designed from the nucleotide sequences of 154 clones from within the selected OTUs using Primer Express (V3.0.1, Applied Biosystems). The 155 abundance of selected alkB and CYP 153A1 OTU sequences was determined relative to the abundance of 156 bacterial 16S rRNA genes. Standard curves were generated using two representative plasmid clones from 157 each OTU. Plasmid DNA was linearized with the NotI restriction enzyme and quantified using a 158 Nanodrop 2000 (Thermo Orion). Standard curves for bacterial 16S rRNA genes were generated using 159
Escherichia coli JM109 genomic DNA. QPCR reactions were performed in 96-well Fast Optical 160
MicroAmp reaction plates (Life Technologies) where each reaction had a total volume of 12. calculated using the QIIME pipeline. The default metrics for the QIIME pipeline alpha diversity 205 measurement were edited to include the Shannon diversity index and phylogenetic distance, in addition to 206
Chao1 and observed species. The minimum number of sequences used for depth of coverage in alpha 207 rarefaction was set to 5000 for even sampling. Beta diversity metrics were also generated using QIIME. 208 5000 sequences were subsampled from each dilution sample for calculation of beta diversity using both AlkB alkane hydroxylase gene fragment clone libraries were prepared from genomic DNA 221 extracted from alkane-exposed and unamended cultures over 10 days. The distribution of OTUs, their 222 diversity, and matches to known sequences as determined by Blastx are shown in Table 1 and 2, and Fig.  223 1A and 2. Dilution culture alone reduced diversity of alkB gene fragments according to the Shannon-224
Weaver diversity index and Chao1 estimates (Table 1) in the first day of dilution culture, however, both 225 measures increased by the T10 to levels greater than the initial T0 sediment indicating that diversity 226 rebounded in the dilution culture. In contrast, all alkane treatments reduced alkB gene fragment diversity 227 to levels less than those found in the no alkane control sample after 1 and 10 days of continuous alkane 228 exposure.
229
The taxonomic assignment of alkB sequences recovered from each sample library differed 230 according to treatment (Table 2 , Fig. 1A ). The initial sediment (the T0 NA sample), yielded 25 alkB clone 231 library sequences which contained 14 different OTUs, the majority of which were an 81% BlastX match 232 to alkB from Pseudomonas aeruginosa (OTU2) or an uncultured Commomodaceae sequence (OTU11) 233 (see Fig. 1A ). After one day of dilution culture, the unamended control sample (T1 NA) yielded 14 clone 234 library sequences, containing 9 OTUs, most of which matched OTU2 (P. aeruginosa). By 10 days of 235 dilution culture alone (T10 NA) 26 alkB clone sequences were recovered, containing 15 OTUs, with the 236 majority matching OTU8 (uncultured/Alcanivorax sequences as best match) and OTU9 (Kordiimonas 237 gwangyangensis).
238
AlkB libraries prepared from n-hexane and gasoline amended samples yielded fewer OTUs 239 overall and possessed reduced diversity measures relative to the unamended control libraries (Table 1 ).
240
One day of exposure to both n-hexane (T1 H) and gasoline (T1 G) resulted in a selection for the P. 
242
This selection for Pseudomonas-type alkB sequences persisted into the 10 day samples where 18/24 (T10 243 H) and 16/21 (T10 G) were also sequences belonging to OTU1. Dodecane appeared to impact the alkB 244 diversity differently than exposure to n-hexane or gasoline. While the one day dodecane-exposed sample 245 was dominated by OTUs that match best to Pseudomonas spp. (Table 1 and Fig. 2A ), by 10 days of 246 dodecane exposure alkB sequences were predominantly OTU4 (15/19 sequences recovered), which is a 247 99% BlastX match to an alkB from Rhodococcus sp. RP-11 (Table 2 , Fig. 1A ). OTU4 was the major 248
Gram positive type alkB identified in any alkB library prepared in this study. Overall, exposure to all of 249 the alkanes tested resulted in differing profiles of alkB clone sequences than observed in the no alkane 250 control samples, with n-hexane and gasoline treatment selecting for alkBs of Pseudomonas-type and 251 dodecane treatment selecting initially for Pseudomonas-type sequences with a switch to Rhodococcus-252 type alkB sequences by day 10. Table 1 . The other samples did 262 not yield sufficient CYP 153A1 PCR product for library construction. Furthermore, the T1 NA and the T1 263 and T10 D libraries contained very few sequences (Table 1 ). The T0 initial sediment sample contained 264 sequences that assigned to 13 OTUs and had the highest Chao1 and Shannon Weaver scores (see Table  265 1). These sequences matched by BlastX to CYP 153A1 from the alpha proteobacterial order Rhizobiales, 266 8 and genera Sphingopyxis, and Parvibaculum, as well as several uncultured bacteria that group with the 267 alphaproteobacteria (Fig. 3) . The T1 NA library yielded only three sequences, each belonging to different 268
OTUs; one Rhizobiales-like sequence (OTU6), a Rhodococcus (OTU27) and Parvibaculum 269 hydrocarboniclasticum (OTU31). T10 NA contained predominantly P. hydrocarboniclasticum (OTU3) 270
and Rhizobiales (OTU2). The only sequence recovered from the one-day dodecane (T1 D) exposed 271 sample environment most closely matched a CYP 153A1 from an uncultured Rhizobiales (OTU16) (Fig.  272 1B, Table 2 ). By 10 days of dodecane exposure most of the CYP 153A1 sequences matched either CYP 273 153A1 sequences from Rhodococcus fasciens (OTU1) or Rhodococcus erythropolis (OTU7).
274
Analysis of rarefaction curves (Supplemental Fig. S1B Table 3 ). AlkB OTU5 was the only alkB OTU 286 detected in the T0 sample DNA and was also detected in all samples except for the 10 day unamended 287 control sample, suggesting that it may not be specifically induced by alkanes. The T1 H sample contained 288 very elevated OTU2 levels, a sequence which matches an alkane hydroxylase from Pseudomonas 289 aeruginosa (Table 2) . OTUs 1 and 3 (also matches to Pseudomonas-derived alkane hydroxylases) were 290 also detected in this sample, although at lower levels. Ten days of hexane exposure (T10 H) resulted in 291 the decline of OTUs 2 and 3, and an approximately 7-fold increase in OTU1. In the gasoline-exposed 292 samples, OTUs 1, 3 and 5 were found at the same levels in the 1-day and 10-day samples. OTU2 was 293 not detected in the 1-day sample but was present at relatively high abundance in the 10-day gasoline-294 exposed sample (T10 G). The 1-day dodecane exposed sample contained detectable alkB OTUs 1, 2, 3 295 and 5 and no detectable OTU4. By day 10, however, OTU4 dominated. Overall, the alkB qPCR analysis 296 supported the clone library analysis, demonstrating a selection for Pseudomonas-type alkBs in response to 297 n-hexane and gasoline treatment, and for Rhodococcus-type alkBs in response to dodecane treatment. The 298 CYP 153A1 qPCR analysis was largely unsuccessful, with no detection of any of the selected OTUs other 299 than the OTUs 1, 4 and 7 in the 10-day dodecane-exposed sample which may suggest CYP 153A1 type 300 alkane hydroxylases were not important in alkane degradation in this system or because of the limited 301 data, suggested that more extensive sampling and analysis may be required. 302 303 16S rRNA sequence analysis 304
Changes in the bacterial community in response to different alkanes were examined by tag 305 sequencing of the V6 region of the 16S rRNA using an Ion Torrent PGM. A total of 321,310 reads were 306 obtained, of which 281,782 passed quality filtering and were mapped to individual barcodes using the 307 QIIME pipeline. The number of sequences mapped to each treatment ranged from a high of 68,610 in the 308 initial sediment (T0) sample to a low of 92 sequences in the day 10 unamended control treatment (T10 309 NA) ( Table 4 ). The processed data were then used to calculate alpha (Shannon, Chao1, phylogenetic 310 distances and PCoA analyses; Table 4 and Fig. 6 ) and beta (Unifrac analysis; Fig. 5 ) diversity metrics at a 311 sampling depth of 5000 with T10 NA excluded due to the low read number (Table 4) .
312
Between 93.6 % and 99.5 % of the processed sequences could be classified below the bacterial 313 root using the QIIME pipeline with the majority of sequences classified to the family or genus level.
314
OTUs were divided into 13 groups for ease of analysis (Fig. 4) , with each Group assigned to a genus, 315 family or Class, as could be achieved by our analysis. Group I comprised the sequences that could not be 316 classified and accounted for between 0.5 and 6.4 % of all sequences obtained. Group XIII represents all 317 rare OTUs (ie. each sequence type is ≤ 1 % of the sequences from a given sample) pooled into Group 318 XIII. The taxonomic annotation for the remaining groups is included in the Fig. 4 legend.
319
The initial sediment bacterial community (T0) was the most diverse sample by all measures other 320 than the Chao1 score (Table 4) with the most abundant OTU identified as Group XII (Pseudomonas: 321 3.2%). The T0 sample contained some sequences not found in any other sample, such as Geobacter (2.8 322 %), Clostridium (2.8 %), Flavobacterium (2.4 %) and Burkholderiales (10%). The Gram positive 323 sequences were diverse and represented 6.5% of the total. Dilution alone (culture in the absence of alkane 324 addition), reduced diversity and altered the community composition as seen in other sections (see 325 Discussion). The T1 NA sample was less diverse than the T0 sample by all measures calculated ( While our assessment of community diversity is limited by the lack of ability to calculate 331 diversity measures on the 10-day no alkane control (T10 NA), the one day analysis indicates that n-332 hexane and gasoline reduced the diversity of the communities sampled beyond the loss of diversity seen 333 in one day of dilution alone (the no alkane control, T1 NA). Interestingly, this was not the case with 334 dodecane exposure, which instead resulted in an increase in diversity by all measures after one day of 335 exposure (T1 D). Comparing the diversity measures in all three types of alkane exposure after 10 days of 336 exposure (T10 D, T10 H and T10 G) indicates that diversity continued to decline in the n-hexane and 337 gasoline exposed treatments while it declined to a lesser degree in dodecane exposure. Hierarchical 338 clustering (Fig. 5 ) from unweighted and weighted unifrac analyses revealed the dodecane-exposed 339 samples clustered with the initial T0 sample, separate from all other samples. PCoA analysis (Fig. 6)  340 revealed that the similarities between the different hydrocarbon amendments and the no-hydrocarbon 341 control dilution culture were driven mainly by the Gammaproteobacteria.
342
One day of exposure to n-hexane and gasoline shifted the community to predominantly 343 Gammaproteobacteria, especially Pseudomonas (Group XII) and Gammaproteobacteria (Group VIII).
344
This Gammaproteobacterial dominance persisted to 10 days in the n-hexane exposed culture, but in the 345 gasoline-exposed culture the proportion of Gammaproteobacteria declined by 10 days and an increase in 346 Alphaproteobacteria, specifically the family Acetobacteraceae (Group VII: 22.5%) occurred. By focusing on alkane hydroxylase genes (alkB and CYP 153A1) the functional diversity was 374 assessed in the initial sediment, and dilution cultures treated with n-hexane, gasoline, dodecane or dilution 375 alone (no alkanes) for 10 days. The initial community was already enriched in Pseudomonas-type alkB 376 sequences which increased in relative abundance by one day's exposure to dilution alone, and all three 377 sources of alkanes tested. The initial dominance and rapid expansion of Gammaproteobacteria, especially 378 Pseudomonas spp. has been shown in a variety of environments including meadow salt marshes (Acosta- we observed a differential response according to treatment condition, with gasoline and n-hexane further 382 enriching the fraction of Pseudomonas-type alkBs and reducing the overall diversity of alkBs recovered to 383 a greater extent than that seen in the no alkane control or the dodecane exposed cultures. In contrast, 384 dodecane exposure enriched for Rhodococcus-like alkB sequences and resulted in a 10-day community 385 with slightly more diverse alkBs than seen in the no alkane control. Interestingly we were only able to 386 amplify CYP 153A1 -type genes from the no-alkane control and dodecane dilution cultures and failed to 387 detect CYP 153A1 genes in most samples using QPRC ( The taxonomic composition of the entire microbial community varied by treatment, generally 413 supporting the taxonomic assignment of alkB genes recovered. Gammaproteobacteria, particularly the 414 rapidly responding Pseudomonads, dominated in the initial sediment and were enriched in all one day 415 dilution cultures (alkane-amended or unamended) (Fig. 4) , as well as in the 10 day gasoline and n-hexane 416 exposed cultures. Gammaproteobacteria are known to respond rapidly to dilution alone (Yan et Overall, our data suggest that the microbial community studied is capable of responding to perturbation 451 by alkanes, and that it does so in an alkane-specific manner, supporting the potential of such fringing 452 marshes to buffer against petroleum influx through degradation. Given the importance of fringing 453 marshes in the New England region, and the threat of petroleum influx into these marshes, it seems likely 454 that more study is merited. Two areas of particular relevance would be an evaluation of the ability of 455 these communities to degrade whole-oil mixtures, such as home heating oil (which is regularly 456 transported in the Great Bay Estuary), as well as an assessment of the ability of these communities to 457 recover diversity once petroleum has been degraded. Figure 1 . The distribution of alkB (A) and P450 (B) OTUs in clone libraries derived from initial (T0), 1 day (T1) and 10 day (T10) samples exposed to dodecane (D), gasoline (G), n-hexane (H) or no alkanes (NA -control). Alignments, generation of distance matrices and clustering into OTUs at a similarity level of 95% was performed as described in the Methods. OTU numbering is included for OTUs that occurred in >10% of the total recovered for that library. See Table 2 for further information on OTU identity and Table 1 for the number of clone sequences in total for each library shown. OTUs accounting for greater than 5% of an enrichment are labeled as follows: I, Other; II, Genus Mycobacterium; III, Genus Rhodococcus; IV, Genus Bacillus; V, Genus Lysinibacillus; VI, Family Aurantimonadaceae; VII, Family Acetobacteraceae; VIII, Class Gammaproteobacteria; IX, Genus Marinobacter; X, Genus Shewanella; XI, Genus Acinetobacter; XII, Genus Pseudomonas; XIII, groups that account for <1% of any enrichment. T0  T1NA  T1H  T1D  T1G  T10NA  T10H  T10D . Principal coordinate analysis (PCoA) ordination based on an unweighted UniFrac distance matrix of sediment bacterial 16S rDNA gene profiles sampled from the initial sediment (T0), and after 1 and 10 days of exposure to dodecane (D), hexane (H) and gasoline (G) and no alkane control (NA). The T10 day no alkane control sample was not included due to the low number of sequences recovered. K ordination value labels indicate p = phylum and c = class.
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